In the present paper, studies on the state of strain in single and ensembles of nanocolumns investigated by photoluminescence spectroscopy will be presented. The GaN nanocolumns were either grown in a bottom-up approach or prepared in a top-down approach by etching compact GaN layers grown on Si(111) and sapphire (0001) substrates. Experimental evidence for strain relaxation of the nanocolumns was found. The difference and development of the strain value for different nanocolumns could be verified by spatially resolved micro-photoluminescence on single nanocolumns separated from their substrate. A common D 0 X spectral position at 3.473 eV was found for all separated single GaN nanocolumns independent of the substrate or processing technique used, as expected for a relaxed system.
Introduction and Experimental Setup. Besides carbon nanotubes, semiconductor nanocolumns or whiskers are possible candidates for upcoming nanoelectronics which will complement or, in niches, replace Si ultrahigh integration CMOS technology when this technique will reach its physical limits within the next 15 years. Semiconductor nanocolumns with diameters of several tens of nanometers can be grown epitaxially in a self-organized bottom-up way without the use of cost consuming nanolithography. So far, there are several reports on the fabrication of GaN nanowires and nanorods [1] [2] [3] [4] [5] [6] [7] [8] [9] and on the optically pumped lasing of such structures. 8, 24 Furthermore, in contrast to the case of carbon nanotubes, the whole semiconductor heterostructure technology can easily be transferred to the growth of nanocolumns such that complex quasi-one-dimensional heterostructure device architectures with incorporated barriers, quantum wells, and dots can be realized. Thus, quantum electronic networks and, eventually, the realization of quantum computers come one step further toward realization. An essential ingredient to these ideas is the possibility to realize heterostructure nanocolumns with barriers and wells of material combinations which are not well-lattice-matched and therefore do not grow with crystallographic perfection in extended layer structures. Indeed, due to the lack of commercially available free-standing GaN substrates, heteroepitaxial growth has to be carried out on alternative substrates which provide, beside the inherent lattice mismatch, additionally, different thermal expansion coefficients, the latter inducing stress in the GaN during the postepitaxial cooling down of the sample. Even if several hundreds of micrometers of GaN are deposited on sapphire, so that strain is expected to approach zero with increasing thickness, a strong strain-inducing bowing is observed. 14 While during layer growth the poorly lattice matched systems are not able to relax into perfect crystals, the nanocolumn's dimension should allow for local relaxation even for not well adapted material combinations such as GaN/AlGaN, GaAs/InAs, etc. This crystallographic relaxation of semiconductor nanocolumns has been expected, and some experimental results support this idea. [10] [11] [12] [13] The observation of a strain convergence by realizing nanocolumns on different lattice-mismatched substrates would open the possibility to determine physical data for fully relaxed GaN. In the present paper experimental evidence for strain relaxation effects is demonstrated for GaN nanocolumns by the analysis of the donor-bound exciton transition (D 0 X) energy in photoluminescence (PL) spectra of single column samples grown on different substrates. The (D 0 X) luminescence peak energy being a measure for the band gap energy (obtained by adding the bound-exciton total binding energy) is strongly sensitive to the state of strain within the sample. 15 Thus we compare PL spectra of GaN nanocolumns which have been grown on a Si(111) substrate under tensile strain with those which were prepared by etching from GaN layers grown on Si(111) and sapphire substrates under tensile and compressive strain, respectively.
GaN growth on Si(111) substrates was carried out by plasma-assisted molecular beam epitaxy using N 2 as nitrogen source. For compact bulk GaN samples, growth was performed under Ga-rich conditions at a substrate temperature of 770°C. The GaN nanocolumns which were prepared in a bottom-up approachsas shown in Figure 1sneeded N-rich conditions and a growth temperature of 800°C. 16, 17 GaN growth on sapphire substrates was carried out by metalorganic vapor phase epitaxy at 1100°C with trimethylgallium and NH 3 as precursors. Only GaN bulk growth was performed by this method. The top-down type of nanocolumns was prepared by first cleaning the respective bulk GaN layer surfaces with an O 2 plasma and standard wet etching before evaporating 300 nm of Ti. Finally, the titanium metal mask was etched by using the electron-cyclotron-resonance reactive-ion-etching (ECR-RIE) method for 17 min with a Cl 2 and Ar gas mixture at 280 W microwave power and with 55 W radio frequency power. Under these conditions nonuniform etching of the Ti layer is observed. Where the titanium was removed also, the underlying GaN was etched leading to nanocolumns underneath the metal, as presented schematically in Figure 1 . Finally, by further etching, the metal on top of the nanocolumns was completely removed. Scanning electron microscopy (SEM) images taken from the nanocolumn samples are shown in Figure 2 . The etched nanocolumns on Si substrates are inhomogeneously distributed over the wafer. Furthermore they get thinner with increasing height (base-to-tip ratio 10), reaching diameters in the order of 50 nm for the thinnest ones ( Figure 2a ). The bottom-up grown nanocolumns on Si substrates are isolated and possess a hexagonal shape with typical diameters, heights and densities of 50-80 nm, 0.1-0.5 µm, and (3-4) × 10 9 cm 2 , respectively ( Figure 2b ). For nanocolumns prepared by etching GaN/sapphire samples, the column density is about (1-2) × 10 9 cm 2 with a homogeneous length of approximately 1 µm and a width in the order of 50-70 nm. The base-to-tip ratio is in the order of 2-3 ( Figure 2c) ; thus, the conicity is much less than that for the previously described GaN/Si(111) etched nanocolumns.
From the SEM images it becomes obvious that for the investigated nanocolumns quantum-confinement effects do not play any role for the optical characteristics of the nanocolumns since their typical diameter of g50 nm is at least five times the exciton Bohr radius in GaN.
The GaN bulk samples on Si(111) and sapphire were investigated using a standard (non-spatially-resolved) PL setup. For ensembles of nanocolumns and single nanocolumns, the samples were studied by micro-photoluminescence (µ-PL) measurements. They were mounted in a He flow cryostat allowing temperatures between 4 and 300 K. Measurements presented here were carried out at T ) 4 K. The samples were excited with the 325 nm line of a HeCd laser. The laser beam was focused by a microscope objective with a numerical aperture of 0.5 to a spot size of about 1.5 µm on the sample. The PL was collected by the same objective and dispersed by a 1 m monochromator. The µ-PL signal was detected by a liquid-nitrogen-cooled CCD camera. The spectral resolution of the experimental setup was in the order of 0.17 meV. To measure µ-PL on single nanocolumns, a few nanocolumns were separated mechanically from their original substrate and deposited on another substrate. Since the energy separation between the heavy, light, and crystalfield split-off valence band is related to the strain in GaN, 15 the photoluminescence excitonic line positions such as E D 0 X give direct insight into the lattice-strain state of the GaN sample. This is especially useful as it allows relaxation processes observed in nanocolumns to be monitored.
Experimental Results and Discussion. (A) Etched Nanocolumns on Si(111). In Figure 3 the comparison between the PL spectrum of the GaN/Si(111) bulk (dotted line) and the µ-PL measurements of the corresponding ensemble of etched nanocolumns (blue line) and a single nanocolumn (black line) is displayed on a logarithmic scale. For the single nanocolumn a representative emission spectrum is shown; for some nanocolumns defect-related emission peaks can be observed as well. Because of the different excitation conditions of the compact layer and the nanocolumn ensemble, two different scales for the measured intensity signals had to be used. Nevertheless, it is possible to compare the relative signal intensities of the bulk material to the nanocolumn ensemble because standard PL measurements have been performed as a reference on both samples under the same excitation conditions. A considerable increase of the intensity of the E D 0 X excitonic emission peak by a factor of 10 3 with respect to the unetched bulk sample was observed just after etching the bulk sample into nanocolumns. However, one has to keep in mind that two physical origins for the difference exist, (1) a larger surface in the nanocolumn case and (2) . In Figure 4 , the E D 0 X emission peak of the ensemble spectrum is likewise shifted to higher energies when compared to the bulk layer on Si (compare section A), and for the single nanocolumn the emission energy of 3.473 eV fully corresponds to that of the previously reported single column detached from the top-down etched sample. Further, a shoulder at 3.477 eV can be recognized and assigned to the A-exciton transition. The contribution of both transition peaks results in an emission band being broader than the PL peak of the single nanocolumn shown in Figures 3 and 5 . Nevertheless, the observation of the free A exciton for the grown single nanocolumns indicates a higher crystal quality with fewer defects. In contrast to the case of the etched nanocolumn ensemble the line width of the as-grown ensemble has already decreased to 8 meV which can be attributed to a better homogeneity within the ensemble of bottom-up grown nanocolumns. Indeed, this value is in the same order as the one found previously for the single etcheddown nanocolumn (4 meV). This fits the expectation that a bottom-up epitaxial growth technique for nanocolumns should induce much less inhomogeneity than column formation making use of etching techniques.
(C) Etched Nanocolumns on Sapphire. In Figure 5 the standard PL spectrum of bulk GaN on sapphire, the µ-PL spectrum of the ensemble and that of a single nanocolumn on sapphire are displayed. From the reference standard PL measurement on the bulk material and the nanocolumn ensemble, a relative decrease of the D 0 X nanocolumn PL intensity was observed with respect to the bulk sample. This finding is in contrast to the results of Wang et al., 11 which is most probably due to the different etching conditions (physical versus chemical effect with more or less plasmainduced surface damage). Sapphire substrates commonly induce biaxially compressive strain in bulk GaN samples. The consequence is an increase of the band gap and, therefore, an increase of the donor-bound exciton transition energy. 5 This fact is confirmed in Figure 5 showing a transition energy for bulk GaN on sapphire of E D 0 X ) 3.485 eV, on the high-energy side of the dashed region representing fully relaxed GaN. The line width of the (D 0 X) peak measured with standard PL amounts to 4 meV, which is much less than those obtained for the previously measured layers on Si(111) substrates. This is an indication of the good homogeneity and crystalline quality of the sample. The ensemble of etched-down nanocolumns (blue line) exhibits four different emission peaks. The two transitions at the higher energies of 3.485 and 3.491 eV match with the two transitions originating from the bulk GaN (dotted line). As in this case the samples were not etched down to the sapphire substrate; a 2.5 µm thick GaN buffer layer still remains. This explains why the PL originates not only from the nanocolumns but also from the underlying unetched and compressively strained GaN buffer layer. These PL transitions are therefore of the same origin as those measured before etching. They can be assigned to the same donor-bound exciton (3.485 eV) and A exciton (3.491 eV), respectively. The emission centered at 3.472 eV with a larger spectral width may be due to the superposition of different transitions, as it shows at least two maxima. The transition at 3.473 eV can be assigned to the D 0 X, as it is matching with the E D 0 X line being dominant for the single detached nanocolumn (black line with a peak line width of 2.6 meV). The doublet at lower energies (3.4715 and 3.4721 eV) possibly corresponds to excitons at O N and Si Ga , respectively. 23 The fourth main transition at 3.465 eV is no longer present in the spectra of the single detached nanocolumn, so that it may be attributed to an ensemble-related defect transition. Finally, in a similar manner as described in sections A and B, the shift of the E D 0 X (but in this case toward lower energies) when starting from the compressively strained GaN buffer (3.485 eV), and then looking for the ensemble and the single detached nanocolumn (3.473 eV), is an indication for the relaxation of the compressive strain.
The (D 0 X) energy of the detached single nanocolumn is in any case found at 3.473 eV. Evidently and independent of the substrate or processing technique, the (D 0 X) energy for single detached nanocolumns fully corresponds to the value expected for a relaxed system. Summary and Conclusions. GaN nanocolumns were prepared on sapphire and on Si(111) substrates either in a top-down approach by etching bulk GaN or in a bottom-up approach by growth. For all types of nanocolumn samples, single nanocolumns detached from the whisker lawn show a strong luminescence peak (D 0 X) at one and the same photon energy of 3.473 eV independent of the preparation technique or the substrate used. This spectral position coincides with literature values which are expected for relaxed GaN. These findings demonstrate almost perfect strain relaxation of GaN nanocolumns if they are separated from their strain-inducing substrate. All in all it has been demonstrated that nanostructured material can be used to obtain physical data of fully relaxed GaN, which is otherwise difficult to have access to. 
